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Abstract 
The extracellular polysaccharides produced by sorne fungi involved in the deterioratlon of wood (Pleurotus species) 
and stone (Ulocladium atrum) were isolated and characterized. Both are 13-0 ..... 3)-linked glucans with considerable 
branching degree, as revealed by methylation analysis and 13C-NMR. The Pleurotus glucans present the most 
complex structure and the study was followed by the analysis of the low-molecular weight products and the partially 
degraded polysaccharides obtained after periodate oxidation or acetolysis. The Pleurotus species produced Iignino· 
Iytic enzymes which playa role in wood deterioration. On the other hand, Ulocladium atrum produces black pigments 
(melan¡ns) involved in stone biodarkening, which were studied by analytical pyrolysis and chemical degradation. The 
occurrence of similar extracellular polysaccharides in fungi from very different taxonomic groups, i.e. ascomycetous 
dematiaceous and white-rot basidiomycetes, suggests that such polysaccharides are playing sorne basic functions in 
hyphal growth on different substrates. In addition, they probably play specific roles in biodeterioration of stone, 
including the formation of extracellular melanin-polysaccharide stable complexes; and wood, providing a microenvi-
ronment for the action of ligninolytic enzymes and redox intermediates. 
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íng; Wood; Stone; Extracellular polysaccharídes; Methylation analysis; 13C-NMR; Analytical pyrolysis 
1. Introduction 
A variety of fungi are involved in the biodeteri-
oration of building materials, including wood and 
stone. Stone biodeterioration has received con-
siderable attention during the last few years, after 
recognizing the biological origin of the alteration 
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processes suffered by many stone monuments and 
historical buildings. On the other hand, wood 
deterioration by fungi is widespread due to the 
comparatively low resistance of wood to biological 
agents. 
Fungal alteration of lithic materials is produced 
by species from different taxonomic groups 
(mainly ascomycetes and ascomycetous 
deuteromycetes) through rather unspecific mech-
anisms [1]. These inelude mechanical action by 
hyphae, release of organic acids acting in the 
dissolution or the chelation of stone cations, and 
synthesis of dark pigments (fungal meJanins) re-
sponsible for stone darkening through the forma-
tion of black patinae on monuments. The fungal 
melanins, produced by different biosynthetic 
pathways [2], present high resistance to biodegra-
dation, and their composition and structure have 
been analyzed regarding the formation of soil 
humus colloids [3-10]. 
Wood deterioration by fungi is of great 
economic importance due to the use of wood as a 
building material, and a variety of treatments 
have been developed for its protection against 
fungal attack [11]. Moreover, wood biodeteriora-
tion al so affects the artistic and cultural property 
[12,13], since wood constitutes an important struc-
tural and decorative element in most historical 
buildings and monuments. Wood presents a vari-
able resistance to biodegradation, which is influ-
enced by the total content and monomer compo-
sition of lignin. The structural plant polysaccha-
rides (j.e. cellulose and hemicellulose) are pro-
tected by the recalcitrant lignin polymer [14]. 
Only a group of basidiomycetes responsible for 
the white-rot of wood, can degrade the lignin 
macromolecule. A reduced number of them have 
largely been investigated as important wood dete-
rioration agents, e.g. Serpula lacrymans [15], cut a 
list of 100 fungi involved in the decay of construc-
tion wood, including Pleurotus species, has been 
reported [16]. In spite of recent important progre ss 
in the study of the mechanisms of lignin attack 
[17-20] by white-rot fungi, the role of the differ-
ent ligninolytic enzymes and intermediate com-
pounds produced during fungal degradation is far 
from being definitively unravelled. 
A large number of organisms colonizing terres-
trial habitats (fungi, algae, bacteria, etc.) produce 
polysaccharide-containing extracellular struc-
tures, the so-called glycocalyx, involved in adhe-
sion, recognition, pathogenicity, etc. [21]. In many 
fungi, these polysaccharides form a sheath coat-
ing mycelial hyphae. Different fungal polysaccha-
rides, extracted from fruiting bodies or produced 
in liquid culture media, have been characterized 
[22-25]. The extracellular polysaccharides are the 
major constituents of the hyphal sheath formed 
when the fungus grows on natural substrates. 
In the present study, the composition and 
structure of extracellular polysaccharides pro-
duced by species of the genus Pleurotus and by 
Ulocladium atrum are investigated. These organ-
isms were seJected as representative of basid-
iomycetes producing white-rot decay of wood, and 
of ascomycetous black-fungi, causing stone bio-
darkening, respectively. In order to understand 
the mechanisms of wood and stone deterioration 
by these fungi, the ligninolytic enzymes produced 
by Pleurotus species and the dark pigments syn-
thesized by U. atrum were analyzed. Finally, the 
role of the polysaccharide sheath as a microenvi-
ronment where the biodeterioration processes 
take place, is discussed. 
2. Materials and methods 
2.1. Fungi and growth conditions 
Five Pleurotus strains were studied: P. comu-
copia e CBS 383.80, P. floridanus MUCL 28518, 
P. pulmonarius CBS 507.85, P. ostreatus CBS 
411.71, and P. sajor-caju MUCL 29757. The fol-
lowing medium was used for culture inoculum: 10 
g glucose, 2 g ammonium tartrate, 1 g KH 2 P04, 1 
g yeast extract, 0.5 g MgS04 • 7 H 20, 0.5 g KC1, 1 
litre water, and 1 mi of a mineral solution (lO mg 
B40 7 Na 2'1O H 20, 7 mg ZnS04' 7 H 20, 5 mg 
FeS04 ·7 H 20, 1 mg CuS04 ·5 H 20, 1 mg 
MnS04 ·4 H 20, 1 mg (NH4)6M07024'4 H 20, 
and 100 mi water). After 15 days of stationary 
growth at 28DC, the mycelium was homogenized 
and used as inoculum. Production of enzymes and 
polysaccharide was assessed in a modification ol' 
the aboye medium containing 30 g glucose and 
0.6 g ammonium tartrate per litre, distributed in 
l-litre flasks (containing 400 mi of medium) in-
cubated at 28DC and 200 rev./min. 
Ulocladium atrum IJFM 7339 was grown at 
30D C in a culture medium containing: 30 g malt 
extract, 2 g NaNO" 1 g K 2 HP04 , 0.5 g KCl, 0.5 g 
MgS04 • 7 H 20, 10 mg FeS04 • 7 H 20, in 1 litre of 
water (pH 5). Spore suspensions from 2% malt 
extract agar were used for inoculating 400 mI of 
liquid medium in 1-1 flasks. The effect of different 
growth condítions (statíonary and shaken at 200 
rev./min) and carbon sources (glucose and wheat 
straw) on polysaccharide and melanin production 
were also investigated. 
L.L. rotysaccnanae cnaraaenzallon 
Different incubatíon times were used for 
polysaccharide production, 20 days for Pleurotus 
spp and 2 days for U. atrum, to obtain peak 
production. They were precipitated from the cul-
ture filtrate with ethanol (50% voL/vol.) and dia-
Iyzed in deionized water. Sorne samples were 
freeze-dried and others were kept in ethanol to 
prevent further solubility problems observed with 
the dried samples of Pleurotus polysaccharide. 
Acid hydrolysis was carried out with 2 M H 2S04 
at 100cC for 16 h. Methylation analysis was per-
formed by the method of Hakomori [26] modífied 
by Jansson et al. [27], using polysaccharide dia-
lyzed against anhydrous dimethylsulfoxide. Perio-
date oxidation was carríed out as described by 
Aspinall and Ferrier [28], and followed by com-
plete (0.5 M H 2S04 at 100°C for 16 h) and mild 
hydrolyses (1 M H ZS04 at 50cC for 24 h). The 
sugars released by the complete hydrolysis were 
analyzed by GC as alditol aceta tes. Acetolysis was 
performed by the method described by Fabre et 
al. [29], and the sugars released were analyzed by 
TLC and Gc. Partially degraded polysaccharides 
from periodate oxidation followed by mild hydrol-
ysís, or acetolysis were subjected to methylation 
analysis. FT-IR spectra were obtained using 1 mg 
of freeze-dried polysaccharide. The solution l3C_ 
NMR was performed using a polysaccharide 
preparation dissolved in 0.1 M NaOD or in D6-di-
methylsulfoxide. In the case of Pleurotus polysac-
charide (which turns insoluble after drying), a 
preparation was obtained by dissolving in the 
latter solvent a sample of polysaccharide recently 
precipitated in ethanol, and removing the traces 
of ethanol after obtaining the suitable concentra-
tíon. Solid-state 13C-NMR using cross-polariza-
tion and magic-angle spinning (CPMAS) was car-
ried out on samples of freeze-dried polysaccha-
ride. 
2.3. Enzyme ana/yses 
Lacease (EC 1.10.3.2) activity was measured 
using 5 mM ABTS (2,2' -azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid» in 100 mM acetate 
buffer, pH 5.5 (€436 = 29300 M- 1 cm -1). Aryl-
alcohol oxidase (AAO) (EC 1.1.3.7) activity was 
determined from the absorbance increase due to 
veralraluehyde lUfInudoll {t:310 = 9~l}{} Munolo 
cm -1) from 5 mM veratryl alcohol in 100 mM 
phosphate buffer, pH 6.0. Two different proce-
dures were used to prove the presence of lignin 
peroxidase (LiP) (EC 1.11.1.14) activity: (i) as the 
H 20 2-dependent oxidation of veratryl alcohol to 
veratraldehyde, using 2 mM veratryl alcohol in 
100 mM Na-tartrate, pH 3.0, and 004 mM H 20 2; 
and (ji) by the oxidation of Azure B monitored by 
absorbance decrease at 651 nm, using 0.032 mM 
Azure B in 100 mM Na-tartrate, pH 4.5, and 004 
mM H 20 Z [30]. Mn-dependent peroxidase (MnP) 
mc 1.11.1.13) was measured using phenol-red 
(0.01 % wt./vol.) in the presenee of 0.1 mM H 2 02 
and 0.1 mM MnS04 in 100 mM Na-tartrate (pH 
5.0). The reaetíon mixture was ineubated at room 
temperature for 30 min and stopped by addition 
of NaOH (0.2 M final eoncentration) (€610 
4460 M- 1 cm - 1). Appropriate controls were used, 
including reaetions without H 202 in LiP and 
MnP tests. The results were given as international 
units of enzyme aetivity ( J.Lmol min -1 ). 
2.4. Melanin studies 
Two-week cultures of U. atrum were een-
trifuged, and the fungal biomass was washed and 
dried at 60aC. Pyrolysis was performed at 500°C 
in a Curie-point pyrolyzer (Fischer 0316) eoupled 
to a Fisons gas ehromatograph-mass spectrometer 
(fitted wíth a capilIary SPB-5 column, and pro-
grammed from 25 to 280°C at 5°C min -1). For 
melanin isolation, 1 g of U. atrum biomass was 
suspended in 25 mI of 004 M NaOH and subjected 
to ultrasonic disruption. The volume was then 
adjusted to 100 mI with distilled water, and the 
bottle was shaken for 12 h. Turbidity was re-
moved by eentrifugation (48200 x g), and the 
melanin was precipitated from the supernatant 
solution with HCI at pH 2, then purified by een-
trífugation at alkaline pH, reprecipitation and 
dialysis. Sephadex G-25 gel ehromatography of 
melanin was performed using 50 mM NaOH as 
eluent. For structural studies, the freeze-dried 
melanin was degraded by acidic K 2 S~Oíi or by 
alkaline KMn04' The K 2S20 li degradation was 
carried out according to Martín et al. [3l]' and 
the KMn04 oxidatíon was performed as de-
scribed by Matsuda and Schnitzer [32], including 
diazomethane methylation. The ethyl acetate ex-
traet, containing degradation products, was dehy-
drated, evaporated, resuspended in methanol, 
methylated with ethereal diazomethane, and ana-
Iyzed by GC-MS, using a capillary OV-lOl column 
operating from 100°C to 270°C at 6°C min 1 
3. Results and discussion 
3.1. Stmctural analyses of the extracellular 
polysaccharides 
The fungí studied produced extracellular 
polysaccharídes in liquid cultures, which can also 
be observed when growing on natural substrates 
(Fig. 1). The crude polysaccharide precipitated 
from U. atrum cultures was a dark melanín-pro-
teín-polysaccharide complex (50% carbohydrate 
content and 15-20% melanin and protein con-
tents), whereas those from Pleurotus species did 
not bear associated pigments and inc1uded low 
protein content. Severa! attempts to purify U. 
atmm polysaccharide were unsuccessful. How-
ever, on thawing the frozen crude polysaccharide 
a colorless supernatant was obtained, and the 
melanin was removed by centrifugatíon. 
The analysis of the products of acid hydrolysis 
revealed that the polysaccharides under study 
consist mainly of glucose units. These are línked 
by f3-type bonds, as evidenced by the 890 cm 1 
band in the IR spectra. The identification of the 
sugar carbons involved in intermonomer linkages 
requires additional analyses, mainly based on 
methylation-acíd hydrolysis or J3C-NMR Such 
approaches revealed predominance of O ~ 6)-
branched 13-0 ~ 3)-glucans. The number oí' 
terminal units or branehíng points was similar to 
that of trimethylated units indicating that 30~50% 
of units in the main backbone present a branch-
ing point. 
The J3C-NMR spectra (Fig. 2) of Pleurotus and 
Uloc/adium polysaccharides provided the confir-
mation of the existence of substítuted el (103 and 
104 ppm), C j (86 and 87 ppm) and C ó (70 ppm), 
corresponding to the maÍn backbone linkages and 
branching points in the polymer. In addition to 
the signals corresponding to free C 4 (69 ppm), C:; 
Fig. L Scanning electron microscopy of fungal mycelium, showing extracel1ular polysaccharide on hyphae (the bar indicates 50 
/Lm). 
(76 and 77 ppm) and Có (61 ppm), a small signal 
for free el (75 ppm) was also observed, corre-
sponding to terminal unÍts. The LlC-NMR spec-
trum of U. atmm polysaccharide (Fig. 2A) was 
similar to that obtained from laminarin, a 13-(1 -> 
3)-glucan, although the signal corresponding to 
substituted C6 was more ¡ntense. Signals at 74 
and 73 ppm in Pleurotus polysaccharide were 
tentatively assigned to two different C2 types. 
Additional studies using specific pulse sequences 
are actuaIly in progress to confirm the nature of 
sorne of the signals obtained. The CPMAS DC_ 
NMR spectra of 1'reeze-dried polysaccharide have 
poor resolution and were unsuitable for definitive 
structural concIusions, however the majar peaks 
are coincident with those obtained in solution. 
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Fig. 2. 13C-NMR spectTa of the extraeellular polysaccnarides 
from Ulocladium atnun (A) and Pleurotus plIlmonarius (B). 
In the Pleurotus polysaccharide, intermediate 
(trimethylated) chain units were also mainly (1 
3)-linked, but small amounts of (J -> 4)-linked 
unÍts were noted after methylation analysis. The 
sugars obtained from branching poínts were 
mainly 2,4-dimethylated, indicating 1,3,6-sub-
stituted units in the original polysaccharide, but 
sorne amount of 3,4-dimethylated sugars was also 
found in Pleurotus polysaccharides. Slight differ-
ences between extracellular polysaccharides from 
the different species of Pleurotus studied were 
observed after methylation analysis. However, 
such differences were only quantitative (i.e. af-
fecting the relative abundan ce of sorne linkages) 
and similar to those expected between polysac-
charides from the same fungus when grown under 
different conditions or for different incubation 
times. 
Two partíal degradatíon procedures were also 
used to complement the structural analysis of the 
polysaccharides produced by Pleurotus species. 
The periodate oxidation breaks C -C bonds 
between contiguous carbons bearing hydroxyl 
groups. Consequently, the backbone of 13-0 -> 3)-
glucans is not affected, but sugars linked by minor 
J3-{I -> 4) bond s and terminal units are effectively 
degraded. The methylation analysis of the 
polysaccharide recovered after a single treatment 
with periodate and mild hydrolysis, revealed the 
features 01' a linear (1 -> 3)-linked glucan. This 
confirmed the identification of terminal, and (1 -> 
4)-linked units, whích were removed by oxidation. 
Moreover, it suggested the existence of polysac-
charide branches consisting of a single sugar unit, 
whieh was removed by periodate oxidation (al-
though the presence of small amounts of (1 -> 4)-
línked units prevents a general conclusion from 
these results). In order to ohtain additional infor-
matíon on the above structure, a second method 
for partial degradation was used. Acetolysis con-
stitutes a chemical procedure for the selective 
degradation of (¡ -> 6)-linkages in polysaccha-
rides. In the case of 13-0 -> 6)-branched glucans, 
the resulting polysaccharide should present a lin-
ear structure. and the analysis of the mono- or 
oligosaccharides released should inform on the 
sugar composition of polysaccharide side-chains. 
In fact, a linear glucan containing mainly (1 -43) 
linkages was recovered by acetolysis of the extra-
cellular polysaccharide from P/eurotus, con-
firming the existence of (1 -4 6)-branched units. 
Moreover, glucose was identified after acetolysis, 
corresponding to polysaccharide branches consist-
ing of a single sugar unit. 
3.2. Lignino/ytic enzymes produced by Pleurotus 
species 
The different P/eurotus species studied pre-
sented a similar pattern of enzymatic activities 
involved in degradation of 'Nood lignin. After 15 
days growth in the N-limited medium, the fol-
lowing values for AAO activity were found: ca. 
110 U 1- 1 in P. pu/monarius and P. cornucopiae, 
40 U 1- I in P. ostreatus and ca. 10 U l I in P. 
sajor-caju and P. floridanus. The levels of laccase 
were considerably lower: ca. 15 U 1- 1 in P. sajor-
caju and P. floridanus, 8 U 1- 1 in P. pulmonarius 
and ca. 5 U I 1 in P. cornucopiae and P. ostrealus. 
No LiP was detected in any of the cultures, and 
the levels of MnP were low. However, the produc-
tion of the latter enzyme increased considerably 
when peptone was used as the nitrogen so urce 
[33]. 
The activities of the aboye enzymes also pre-
sented a characteristic evolution during fungal 
growth. Laccase appeared first, showing a main 
peak during the growth phase. MnP and AAO 
appear when the N source was nearly exhausted. 
The former enzyme showed a main activity peak, 
followed by a rapid decline, whereas AAO main-
tained a relatively high activity during most of the 
secondary growth, after attaining the maximum 
levels in the first days of this periodo 
3.3. Black pigments (melaninsJ produced by 
Ulocladium atrum 
The Py-GC-MS analysis of the biomass from U. 
atrnm reflected the presence of carbohydrates 
and considerable amounts of fatty acids (Fig. 3), 
from which the C 16 and C 1ií :1 members were the 
most abundant (peaks 31 and 32). It has been 
reported that black patinae coating marble monu-
ments also yields considerable amounts of fatty 
acids upon pyrolysís [34]. 
The characteristic pyrolysis products of car-
bohydrates, including sheath polysaccharides, 
were identified in the first half of the chro-
matogram (peaks 3, 5, 7, 11 13, 18, 20, 21, 24 and 
26). In addition to the pyrolysis products listed in 
Fig. 3, two dialkyl phthalates derived from plastic 
contamination, and three unidentified compounds 
from carbohydrate pyrolysis (índicated with aster-
ísks in Fig. 3) were also detected. Different aro-
matic compounds could be derived from me-
laníns, although sorne of them have also been 
identified after pyrolysis of non-pigmented fungi 
[35]. The alkylbenzenes could be derived from the 
pyrolysis of the perylenequinonic pigments dis-
cussed below. The presence of sorne compounds 
identified as cyclohexane and cyclohexene deriva-
tives ís noteworthy. The latter have been found 
after pyrolysis of the melanin from Stachybotrys 
aIra [36], yielding the most abundant pyrolysis 
products. 
An acid-insoluble black fraction was Ísolated 
from the alkaline extract from U. atrnm biomass. 
A characteristic of this melanin is the presence of 
a significant proportion of condensed green pig-
ments, which were separated by Sephadex G-25 
chromatography and identified by their typical 
maxima of dihydroxyperylenequinonic compounds 
[37]. Normal and branched fatty acids were ob-
tained after both degradation procedures, palmitic 
acid being the most abundant. Persulfate oxida-
tion released the most diagnostic compounds, in-
c1uding a series of phenolic and benzenecar-
boxylic acids in addítíon to fluorene, naphthalene 
and biphenyL Moreover, significant proportions 
of aliphatic products (mainly dibasic and monoba-
sic acids and alkanes) were detected. The pres-
ence of sorne of the aboye compounds could be 
explained with regard to the biosynthetic path-
ways of fungal pígments deríved from binaphthyl 
or perylene [38], whereas a hígh proportion of 
fatty acids is typical of fungal melanin prepara-
tions, as reported by Martín et al. [6]. Ben-
zenecarboxylic acids represented a small propor-
tíon of the permanganate digest, and phenolic 
acíds were missing, excepting a chloro-derivative 
(dichloro-anisic acid). To all appearances, KMn04 
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Fig.3. Py-GC-MS of Uloc/adium atrum biomass. Peak idenlificalion: 1, S02: 2, acelone + furan; 3, melbylfuran; 4, benzene; 5, 
dimetbylfuran; 6, acetic acid + loluene; 7, furaldebyde; 8, Cralkylbenzene; Y, Cralkylbenzene; 10. styrene 4- C 2-alkylbenzene; 11, 
trímetbylfuran; 12, methylfuraldebyde 4- Cralkylbenzene: 13. metbylpyranone; 14, alkykyclohexene; 15, Cralkylbenzene; 16, 
C.-alkylbenzene; 17, pbenol; 18, 1evoglucosenone; 19, Co,alkylbenzene; 20, dianhydro-a-D-glucopyranose + C6,alkylbenzene; 21, 
dideoxyglycerohexenpyranosulose; 22, pentadecane; 23, alkylbiscyclohexane; 24, levomannosane; 25, Cq-alkylbenzene; 26, levo~lu­
cosane; 27, dodecanoic acid; 28, tetradecanoic acid; 29, pentadecanoic acid; 30, hexadecenoic acid; 31, hexadecanoic acid; 32, 
ocladecenoic acid; and 33, oCladecanoic acid ühree unidenlified compounds from carbohydrate pyrolysis are indicated witb 
asterisks). 
oxidation seems a too drastic method for fungal 
melanins, and other aromatic compounds de-
tected after persulfate oxidation were probably 
destroyed, 
3.4. Sheath polysaccharides in stone and wood 
biodeterioration 
An important group of extracellular polysac-
charides produced by ascomycetous and basid-
iomycetous fungi, ineluding Pleurotus species and 
U. atmm, are formed by a backbone of 13-0 -> 3)-
linked glucose units, exhibiting more or less short 
branches formed from J3-{l -> 6) linkages (Table 
1). These (1 -> 6)-branched, (1 3)-linked J3-D-
glucans can present structural variations, due to 
differences in: (j) polymerization degree; (ji) fre-
quency of branching; (¡ji) length of branches; and 
(iv) presence of minor linkages. However, the 
existence of similar extracellular polysaccharides 
in fungi from very different taxonomic groups, 
suggests that they could present an old common 
evolutive origin and play sorne basic functions in 
fungal physiology. 
Three general roles of the extracellular 
polysaccharides formíng mucilages or sheaths in 
fungí or bacteria, are related to: (a) adhesion to 
the substrate; (b) protection against dehydration; 
and (c) storage of a carbon source. It has been 
shown by transmission electron mícroscopy that 
the extracellular sheath covers most of the inter-
nal surface of the wood fibers colonized by fungi 
and fixes the hyphae to the cell-wall to be de-
graded [39-41]. On the other hand, sheath 
polysaccharides play an important role in the 
formation of biofilms, which inelude mixed popu-
lations of prokaryotic and eukaryotic organisms 
responsible for stone deterioration. Protection 
against dehydration can be considered as a gen-
Tablc 1 
ExtraceJlular {3-( 1 -> 3)-glucans reponed in different fungi" 
Ascornycetous fungí 
MO/Jilinia frllctigenll (= Sclerotinia fl1lctigena) 
U/ocladium atmm 
Aureohasidium pullu/ans (= Pul/u/aria pullu/ans) 
Botrvtis cinerea 
C1alJiceps ~pp. 
Pvricu/ana oryzuc 
Basídíornycetous fungí 
Himeo/a auricu/a-judae (= Auncu/aria aurieu/a-Judae) 
Phanew(haete chrvso~pOlium 
Pleurollis spp. 
Lentinulll edodcs (= LentúllIs edodes) 
Scltizophvllum cummune 
Athelia rolfsii (anamorph: Sclerotium ro/j:I'¡¡) 
Wolfiporia eneos (= Poria cocos) 
a From references [21.22,25]. 
bBackbone units supporting a branch (rié). 
'Higher branching degrees huye been reponed. 
eral function of extracellular polysaccharides. In 
fact, the volume of the hyphal sheath can be 
several times higher than the cytoplasmic volume, 
and an important amount of water wi\l be re-
tained by the hydrophilic polysaccharide under 
the semi-dryncss conditions characterizing the 
natural environment of 1'ungi involved in biodete-
rioration processes. In this way, the gelified 
polysaccharide surrounding hyphae constitutes a 
barrier protecting the fungus not only from dry-
ness but also from other environmental injuries. 
Moreover, the extracellular glucans could also be 
considered as storage compounds, which are con-
sumed by the fungus when exogenous carbon 
sources are exhausted. 
In addition to the general features discussed 
aboye, other roles 01' the extracellular polysaccha-
rides concern sorne common aspects of the biode-
terioration of different materials: (d) facilitating 
di1'fusion and concentration of decaying enzymes; 
and (e) providing a medium with suitable ionic 
and pH conditions. An important function of the 
extracellular polysaccharides is to facilitate the 
enzymatic attack to the substrate to be degraded. 
Firstly, the immobilization of different fungal en-
zymes on polysaccharide filaments has been shown 
by transmission electron microscopy using anti-
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bodies and polysaccharide staining [42-44]. In 
1'act, the glucans exhibit a rather unspecific capa c-
ity 1'or binding proteins. Secondly, the polysaccha-
ride could provide an adequate medium 1'or the 
action of these enzymes through the modification 
of pH and the concentration of certain ions as a 
consequence of its high specific area and chelat-
ing action. 
Finally, the extracellular polysaccharides partic-
ipate in processes which are specific to the fungal 
deterioration of different substrates. In the case 
of stone (Fig. 4), the formation of black patinae is 
carried out through successive biotic and abiotic 
processes which require the transformation of 
stone surface into a hydrophilic microenviron-
ment suitable for microbial colonization. In a 
second phase, biopolymers secreted by fungi or 
released during autolysis, undergo uncontrolIed 
copolymerization. Enzyme-catalyzed oxidative re-
actions play an additional role in the condensa-
tion of low molecular weight compounds. The 
advanced stages oí' the biodarkening process in-
elude abiotic reactions contributing to the hard-
ening of the polymer material and its physico-
chemical fixation to the stone surface. Water-re-
pellent polyalkyl structures can be 1'ormed from 
auto-oxidation of the unsaturated fungal lipids 
A 
B 
e 
HY= Fungal hypha 
AHY=Autolyzed hypha 
P = Prokaryotic organism 
SH= Hyphal sheath 
• Mineral dust 
... Low MW fungal metabolite 
* Fungal melanin 
~ Unsaturated fungal lipid 
Fig. 4. Three phases (lf stone deteríoration by dematíaccous fungí. PolysaccharjJc slu:ath, dutolyzed hyphae. low moiccular-wclght 
and macromolecular fungal mctaholites involveJ in formation of hlack patina, are indicated. 
through clay-catalyzed, UV -radiation favored re-
actions. Such processes are similar to those char-
acteristics for the formation of humus material in 
lignin-Iacking sediments, and have also been con-
sidered to contribute to the formation of the 
polyalkyl moiety of the insoluble fractions of hu-
mus [45]. 
Sheath polysaccharides are directly involved in 
the following aspects of stone biodeterioration: (f) 
adhesion of aerosols; (g) solubilization of stone 
minerals; (h) deposition of carbonates and bicar-
bonates; (j) formation of complexes with melanin, 
and other organic and mineral compounds. The 
sheath polysaccharide, in addition to those pro-
duced by prokaryotic organisms, facilítates the 
adhesíon of atmospheric dust, and leads to a thin 
hydrophílic layer on the stone surface. In the 
subsequent stage, it represents the diffusíon 
medíum for mono- and dibasic acids secreted by 
fungi, which are the direct agents of solubilization 
of stone mínerals by the formation of salts, or 
acting as chelators. Among them, oxalíc acíd 
seems to play an important role in biodeteriora-
lion beca use high concentrations have been de-
tected during fungal growth on labOlatory media 
and natural substrates. Moreover, the polysaccha-
ride sheath could facilitate carbon dioxíde solu-
bílization and formation of salts with stone miner-
als. FinaJly, the formatíon of melanin-polysac-
charide complexes is directly involved in biodark-
ening. Such complexes have been described in U. 
aman and other dark-fungi [5,46], incJuding 
yeast-like species [47,48], and both components 
have been characterized [49-52]. Fungal melanins 
are very resistant to biodegradation, and the com-
plexes formed with polysaccharide and other fun-
gal metabolites (e.g. unsaturated lipids) can con-
tribute to black patinae on the stone surface. At 
this stage, the fixation of organic matter to the 
stone is encouraged by the ability of funga) pig-
ments (dihydroxyperylenequinones in the case of 
Ulocladium) for their selective sorption on or-
ganic and mineral surfaces with weak OH groups. 
After their re\ease from the funga) necromass, 
such pigments are subjected to speciation 
processes in the mineral matrix, seen both in 
natural and laboratory conditions, and accumu-
late in stable organo-mineral complexes [53,54]. 
In the case of lígninolytic fungi, sheath polysac-
charides also participate in the attack on wood, as 
ílIustrated in Fig. 5. Lignin degradatíon, the key 
step in wood decay, is a multienzymatic process, 
which in the fungi from the genus Pleurotus in-
eludes the following enzymes: laccase, MnP and 
AAO. The latter enzyme can provide H 20 2 to 
MnP, and it can also contribute to biodeteriora-
tion by generating hydroxyl radicals. MnP oxi-
dizes Mn2 to Mn~+, a compound acting as a 
redox intermediate during the attack on phenolíc 
lignin moieties. The presence of LiP, an enzyme 
with a high redox-potential, has not been de-
tected in these fungí, but an expanded role of 
laccase acting on non-phenolíc lígnin has been 
suggested in the presence of certain aromatÍc 
compounds [55,56]. Intermediate compounds are 
important in biodeterioration because the struc-
ture of sound cell-wall prevents the penetration 
of ligninolytic enzymes, which can diffuse only 
after the initial phase of attack. 
In this context, the specific roles of extracellu-
lar polysaccharides in Iignin biodegradation can 
be summarized as follows: (j) providing a source 
of reducing power; (k) facilitating the joint action 
of enzymes; (I) af1'ecting the depolymerization-re-
polymerization balance: and (m) facilitating the 
diffusion of redox intermediates. Although the 
participation of different enzymes in H 20::: gen-
eratíon has been suggested, the redox-cyeling of 
aromatic substrates by the action of AAO and 
intracellular reductases seems to operate in Pleu-
rotus species [57-59]. This mechanism requires a 
source of reducing power, which could be pro-
víded by the extracellular polysaccharide. On the 
other hand, the importance of enzyme im-
mobilization by extracellular polysaccharides 
[41,60-63] becomes particularly evident when a 
system involving the synergistic action of several 
types 01' enzymes is required, as in lignin 
biodegradation. In fact, the joint action of the 
aboye enzymes is difficult to conceive if they are 
free in the extracellular medium, after being se-
creted by the fungus. The control of the depo-
Iymerization-repolymerization balance during 
lignin biodegradation could in part be done by 
the action 01' enzymes reducing lignin-derived rad-
icals 10 less reactive compounds. However, a 
second possibility is the direct involvement of 
polysaccharide in this regulation, preventing repo-
Iymerization reactions, as suggested by LeisoJa 
and GarcÍa [64]. This could correspond to the 
reactíon between lignin-derived radicals and hy-
droxyl groups of polysaccharide, forming glyco-
side-type compounds. Finally, the polysaccharíde 
sheath could also contribute to the action of 
low-molecular weight compounds acting as redox 
intermediates in lignín biodegradation. During the 
initíal phase nf degradatíon, such compounds 
could n.:ach the cell-wall through diffusion in the 
polysaccharide sheath, which prevents Iixiviation 
and providc a bridge from the hyphae to the 
cell-wall. Finally. the polysaccharíde could con-
tribute to the stabilization of sorne of them, e.g. 
actíng as a chdator of Mn~"t produced by MnP. 
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